Abstract The Vjetrenica cave in the Dinaric Karst hosts a worldwide extraordinarily high cave biodiversity. Beside a diverse and specialized cave fauna, sprout-like formations attached to the bed of the cave stream were observed and described, but not further characterized, almost a century ago. Here we investigated these sprout-like microbial aggregates by the rRNA approach and detailed microscopy.
Introduction
Subterranean environments, including karst caves, are typically characterized by the absence of light, low daily and annual fluctuations of climatic parameters, and a limited availability of nutrients [58] , conditions which lead to convergent adaptation of animal immigrants [5] and microorganisms [65] .
In contrast to a well-recognized diversity of cave fauna, which reaches a particularly high species richness and niche specialization in the Dinaric Karst in the Western Balkans [9, [59] [60] [61] , cave microorganisms were often neglected in past studies despite their high ecological importance [65, 66] . However, fascinating microbial formations of macroscopic size have frequently been reported from sulfidic cave environments. For example, chemolithoautotrophic bacteria forming distinctive microbial mats were described in groundwater ecosystems of the Movile sulfidic caves in Romanian Dobrogea [53] and in the Italian Frasassi caves [39] . Other macroscopic microbial formations are the slimy and dripping stalactite-like "snottites" and the biovermiculations, which are found in certain Italian and Mexican caves [40, 46, 66] and are formed by chemolithotrophic microbes that utilize sulfur compounds [31, 66] .
In the Dinaric Karst, where neither remarkable gypsum layers nor any other extensive sulfur sources influence the Electronic supplementary material The online version of this article (doi:10.1007/s00248-012-0172-1) contains supplementary material, which is available to authorized users.
known cave systems, studies of microbial formations focused on biofilms developing on cave walls [43, 45, 49] . These multicolored coatings which, due to their ability to scatter light when illuminated, have been named "cave gold" or "cave silver" by local cavers [43] , are formed by a diverse bacterial community [49] .
Besides the aforementioned examples, one of the earliest observations of macroscopic microbial formations in the Dinaric caves refers to gelatinous sprout-like bacterial communities in cave streams, which were analyzed in our study. The course of events goes back to 1914, when the sproutlike structures were first observed in the Vjetrenica Cave in Bosnia and Herzegovina by the renowned Czech researcher of the Balkan Karst, caves, and cave fauna Karl Absolon [62] . The structures were found in the rapid current of a cave stream in one of the channels in the Vjetrenica Cave, which today is known as Absolonov kanal (Absolon's branch of the cave), where they covered the streambed in meadow-like formations. According to their morphological resemblance to the structures formed by Zoogloea ramigera [7] , the sprout-like cave communities were provisionally named 'Zoogloea Absolon' [62] . While the description remained virtually unknown to researchers, morphologically identical meadow-like formations of sprout-like communities, which covered large portions of the streambed, were re-discovered during an intensive faunistic and ecological campaign in the Vjetrenica Cave led by one of the authors (BS) in 1975 (Sket, manuscript, 1975) . In the following years, macroscopically similar sprout-like formations were observed in several other underground streams in the Dinaric Karst and regions close by, such as, the Alilica Cave in the Bistra Mountain, Macedonia (Sket, manuscript, 1975) . Sproutlike formations were also found in the Bistrac Spring near Ogulin (Croatia) and in the Veternica Cave north of Zagreb (Croatia) [50] . The latter is not to be confused with the Vjetrenica Cave (Bosnia and Herzegovina), where the sprout-like formations were first discovered and recorded again on several occasions between 2004 and 2009 [48, 59] . However, none of these sprout-like formations from any cave has been thoroughly investigated by microscopic or molecular approaches so far.
Vjetrenica Cave in Zavala village is the second largest cave in Bosnia and Herzegovina, with approximately 6 km of corridors, which extend for approximately 2 km from the entrance at the southern border of the Popovo Polje into the karst massif [38] . A number of small lakes and streams, flowing in diverse directions, exist in the cave. Due to the absence of streams on the karst surface within the reach of the cave, the cave waters are thought to originate from the percolation of precipitations through the thick cave ceiling. While percolation is hardly observable or completely absent in the dry season, it clearly manifests in rainy periods, when numerous water jets stream from the surface through wide fissures and shafts considerably raise the water level in the cave, making some of the cave corridors impassable.
In this study, we resolved the almost century-old conundrum on the microbial community composition of the sprout-like structures in Vjetrenica Cave by applying the full-cycle rRNA approach [2] and advanced microscopy techniques.
Material and Methods

Site Description and Sample Collection
Samples of sprout-like microbial structures were collected in several spots of single meadow-like formation covering approximately 1 m 2 of streambed in the lower Absolonov kanal of Vjetrenica Cave. Due to low water levels in the cave at the time of sampling in September 2010, the meadow-like formation was only just submerged in a cave stream, moving at approximately 0.3 m/s. Samples for molecular analyses were collected by using sterile forceps and transferred into sterile tubes containing absolute ethanol. Samples for light microscopy and fluorescence in situ hybridization (FISH) were preserved in 4 % formaldehyde in 0.1 M phosphate buffer (pH=7.2), while 2.5 % glutaraldehyde in 0.1 M phosphate buffer (pH=7.2) was used for fixation of samples for electron microscopy. Conductivity, pH, temperature, and the oxygen content of the water were measured at the sampling site by using a PCD650 multimeter (Eutech Instruments). Water samples were collected in acid-washed polypropylene bottles. Concentrations of nitrite, nitrate, ammonium, and phosphate were measured using diazotization calcium reduction, Nessler, and ascorbic acid colorimetric method, respectively. Photometric properties of reaction products were measured by a DR/2010 spectrophotometer (Hach, USA), within 12 h after collection.
Microscopy
Samples for light microscopy were washed in 0.1 phosphate buffer (pH7.2), dehydrated in an increasing ethanol series, and embedded in paraffin. Serial 7-μm-thick sections were mounted onto poly-L-lysine-coated slides, rehydrated in distilled water, stained with hematoxylin-eosin, and examined in an AxioImager Z.1 microscope (Zeiss, Germany).
Samples for electron microscopy were washed in 0.1 M phosphate buffer (pH7.2), post-fixed in 1 % OsO 4 for 1 h and dehydrated in an increasing ethanol series. For transmission electron microscopy (TEM), the samples were embedded in Agar 100 resin and cut. Ultrathin sections were stained with uranyl acetate and Reynold's lead citrate prior to examination with a Philips CM 100 transmission electron microscope operating at 80 kV. For scanning electron microscopy (SEM), the dehydrated samples were critical point-dried, mounted on aluminum stubs, sputter-coated with platinum, and examined with a Jeol JSM 7500 field emission scanning electron microscope.
Molecular Techniques
Genomic DNA was extracted from the two individual samples of sprout-like structures (100-150 mg each) by using the QIAmp DNA Mini Kit (Qiagen, USA) according to the manufacturer's instructions. Bacterial 16S rRNA genes were PCR-amplified using pre-fabricated PCR Master Mix (Fermentas, Lithuania), the bacteria-specific primers 27 F and 1492R [33] and the following cycling conditions: denaturation at 94°C (5 min), followed by 25 cycles of denaturation at 94°C (1 min), annealing at 45°C (45 s), and elongation at 72°C (1 min), and a final elongation step at 72°C (20 min). We attempted to amplify archaeal 16S rRNA genes by following the protocol described by DeLong [13] and by using the PCR Master Mix and primers Arch21F and Arch958R [12] . PCR products of the expected size were excised from agarose gels and purified using the QIAquick gel extraction kit (Qiagen, USA). The gene fragments were cloned in Escherichia coli JM109 cells (Promega, USA) using the pGEM®-T Easy cloning kit (Promega, USA). We constructed four clone libraries, two for each independent sprout sample collected. Seventy-two insertpositive clones were randomly selected from each prepared library, and the inserts were sequenced by Macrogen, Inc. (Seoul, Korea) using the primers 27 F and 1492R.
Sequence Comparisons and Phylogenetic Analysis
Sequences shorter than 800 bp and with average quality values below 20 were removed from the dataset. Putative chimeric sequences were identified using Bellerophon [28] and ChimeraSlayer as implemented in MOTHUR [56] . Reference sequences were retrieved from GenBank (http:// www.ncbi.nlm.nih.gov, BLASTN algorithm) and GREEN-GENES (http://greengenes.lbl.gov/cgi-bin/nph-index.cgi, "Classify" tool). Sequences were aligned by using MUS-CLE [14] , and the quality of alignments was checked by using the CORE tool available from the T-Coffee web server (http://tcoffee.vital-it.ch/cgi-in/Tcoffee/tcoffee_cgi/index. cgi). Gaps and ambiguously aligned positions were excluded from further analyses. Four different sets of 16S rRNA gene sequences were selected for calculating phylogenetic trees. These aligned sequence sets contained representatives of operational taxonomic units (OTUs) detected in this study and relevant reference sequences, and they represented Betaproteobacteria (37 sequences, 1,330 positions), Alphaproteobacteria and Gammaproteobacteria (25 sequences, 1,280 positions); Nitrospirae (22 sequences, 1,225 positions), and Bacterioidetes, Planctomycetes as well as Actinobacteria (39 sequences, 1,225 positions).
The sequence datasets were analyzed by maximum parsimony (MP) using PAUP* [67] and maximum likelihood (ML) using PHYML [22] . ML searches were performed by applying a general time-reversible model of sequence evolution and taking among-site variation into account by using a fourcategory discrete approximation of a Γ distribution with a portion of invariable sites. ML and MP bootstrap values were assessed by 1,000 bootstrap replications. The heuristic branchswapping algorithm TBR with 10× addition sequences randomized was applied under this optimality criterion. Bayesian posterior probabilities were computed under the same ML model with MrBayes 3.0b4 [29] . The Monte Carlo Markov Chain was run for 1×10 6 generations, priors were set to defaults, and the initial 10 % of trees were discarded as "burnin."
The sequences were assigned to OTUs at evolutionary distances of 0.03, 0.05, and 0.20 and furthest neighbor clustering implemented in MOTHUR [56] . The same software was used to generate rarefaction curves and calculate diversity estimates. Diversity coverage was estimated using Good's formula [21] .
The sequences obtained in this study were deposited in GenBank under accession numbers JQ867272-JQ867303.
Statistical Comparisons
The similarity between the four constructed libraries was estimated in terms of community membership by using ∫− Libshuff analysis as implemented in Mothur [56] . With an experimentwise error rate of 0.05, and taking into account Bonferroni correction due to the multiple comparisons, the libraries were considered significantly different if either of the P values obtained was below 0.0125.
Fluorescence in Situ Hybridization and Probe Description
Fixed samples of sprout-like bacterial community were washed, cut and mounted onto poly-L-lysine-coated slides as described above for the samples for light microscopy. FISH of cross-sections was carried out as described elsewhere [12] . The applied rRNA-targeted probes and formamide concentrations are listed in Table 1 . After hybridization and washing, the slides were briefly rinsed in ice-cold deionized water, airdried, and embedded in Citifluor AF1 antifading agent (Citifluor, UK) prior to observation on an Axio Imager Z1 microscope equipped with an ApoTome system (Zeiss, Germany) or an LSM 510 META confocal laser scanning microscope (Zeiss, Germany).
A new 16S rRNA-targeted oligonucleotide probe named S-S-Tab-0206-a-A-22 was designed, and its specificity was evaluated in silico by using the probeCheck [37] and Probe Match [6] tools. Oligonucleotide probes used in the study were synthesized and labeled by the cyanine dye Cy3 or fluorescein by Jena Bioscience (Germany).
Results
Macroscopic Appearance of Sprout-Like Structures and Water Chemistry
The sprout-like structures observed in a part of the Absolonov kanal were firmly attached to the rock bed of the shallow cave stream. Individual sprout-like communities seemed to grow separately from the rock streambed, apparently protruding from a thin biofilm that covered the bedrock surface. The structures were white to slightly yellowish in color and occurred in groups, ranging from few to thousands. At some spots, large groups completely covered the bottom of the stream like a meadow. A single sprout-like colony measured 1-2 cm in length, several millimeters in diameter at the base, and narrowed progressively towards its distal end (Fig. 1) .
The water at the sampling site had a temperature of 11.5°C, pH of 7.98±0.01, and conductivity of 261±2 μS/m. Measured ion concentrations were 3.3±0.1 μg/L of nitrite (NO ).
Morphology and Ultrastructure of Sprout-Like Bacterial Communities
Hematoxylin-eosin staining of paraffin sections ( Fig. 2) revealed that the core of the sprout-like structures consisted of bacterial size cells that were embedded in a translucent extracellular matrix. The highest density of the cells was observed near the surface of the structures, where the cells were distributed evenly. Towards the center of the "sprout", the bacterial cells were gradually replaced by extracellular matrix, leaving only narrow arrays of cells close to the center of the "sprout" core. The surface of the structures was covered by a crust, up to 10 μm thick, consisting of dense particles and filamentous bacteria (Fig. 2) .
Observation by TEM (Fig. 3) showed that the microbial cells in the "sprout" core were rod-shaped and embedded in the electron-lucent extracellular matrix (Fig. 3a, c) . The cells measured 1.4±0.25 μm in length and 0.5±0.1 μm in diameter. A closer examination of their ultrastructure revealed a Gram-negative cell envelope with small protuberances on the cell surface, measuring 10 nm in diameter (Fig. 3b, d) , and a 25-nm-thick periplasmic space just beneath the outer membrane. Interestingly, the periplasmic space occasionally expanded inwards, forming distinctive electron-lucent invaginations in the otherwise electron-dense cytoplasm (Fig. 3b, d ).
Despite their overall morphological similarity, slight ultrastructural variations were observed between bacterial cells at the tip and the base of the "sprouts." Besides commonly observed cell division (Fig. 3c) , the cells in the "sprout" tip often included one to three electron-dense spherical inclusions in their cytoplasm, measuring 100± 30 nm in diameter, located near one pole of the cell (Fig. 3d) . These inclusions were observed in 85 % of the cells in the tip and in 30 % of the cells in the basal sections of the "sprouts." With a length to width ratio of 2.6:1, the cells in the base of the "sprout" also appeared stouter compared to the cells in the tip, in which the abovementioned ratio was 3.4:1. Most of the cells in the base of the "sprout" also included several translucent vesicles in their cytoplasm, measuring 100 to 150 nm in diameter (Fig. 3b ). Transitional forms with dense inclusions at the pole, translucent vesicles in the cytoplasm and length to width ratio around 3:1, were observed in central sections of the "sprouts."
The core of the sprouts was covered by an electrondenser crust with edged, most probably mineral, particles in its outermost layer (Fig. 3a) . This crust was thicker (several micrometers) at the base of the "sprouts" and gradually became thinner towards the tip, where it was completely absent in some specimens (Fig. 3c) .
Examination of the sprout-like community surface showed a gradual narrowing of the structures toward their tip (Fig. 4a) , where they ended as intertwined threads (Fig. 4d) or a single thread (Fig. 4e) . The wrinkled crust surface at the base of the "sprouts" was commonly heavily colonized by a complex bacterial community, consisting predominantly of filamentous bacteria (Fig. 4b, c) . The same bacterial morphotypes commonly colonized the surface of the "sprout" tips as well (Fig. 4e, f, g ). Mineralized particles commonly observed in the crust (Fig. 4c) were also present at the "sprout" tip (Fig. 4f) , where the absence of a crust exposed the rod-shaped bacteria located in the "sprout" core (Fig. 4e, f, g ). Distinct protuberances on the surface were also observed (Fig. 4f) .
Statistical Analyses of the Clone Libraries
Following DNA extraction from sprout-like structures, bacterial 16S rRNA genes were PCR-amplified in four separate reactions, cloned, and sequenced. All attempts to amplify archaeal 16S rRNA genes were unsuccessful. In pairwise comparisons involving the four constructed clone libraries from each PCR amplicon, the P values obtained were always ≥0.025, indicating that the libraries were not significantly different and likely originate from the same sample.
Estimates of the diversity contained in the clone libraries are summarized in Table 2 . The high values obtained for Good's coverage estimator [21] (Table 2) indicated that clone libraries sampled the majority of the community members present. Using pairwise evolutionary distance thresholds of 0.03, 0.05, and 0.20, we defined 31, 24, and 12 OTUs, respectively. However, the total numbers of OTUs in the libraries, according to the nonparametric Chao1, ACE and Jackknife estimators, were significantly higher than the observed OTU numbers, indicating that the microbial diversity was not exhaustively sampled. A similar trend was observed by rarefaction analysis of OTUs for pairwise evolutionary distance thresholds below 0.20 (Fig. 5) . Besides, both Shannon and Simpson indices indicated a relatively high species richness and evenness. Therefore, we conclude that the additional sampling would have revealed further diversity.
The Distribution of 16S rRNA Gene Clones Among Different Phylogenetic Groups
The 156 sequences that met our quality criteria belonged to five bacterial phyla. Most of the sequences were affiliated with the proteobacterial class Betaproteobacteria (58.3 %), whereas the second and third largest groups belonged to the Nitrospirae (25.6 %) and Bacteroidetes (10.2 %), respectively. We also recovered representatives of the phylum Actinobacteria (1.3 %), classes Alphaproteobacteria (1.3 %), Gammaproteobacteria (2.5 %), and phylum Planctomycetes (0.6 %). The microbial community structure as depicted by relative distribution of species level OTUs is presented in Fig. 6 .
Nitrospirae and Betaproteobacteria
Two OTUs (25.1 % of the obtained sequences), including the most abundant OTU represented by clone sequence vj1_H4 (Fig. 6 ), were affiliated with physiologically diverse Nitrospirae. Currently, this phylum contains three genera with cultured representatives: Nitrospira (nitrite-oxidizing aerobic chemolithoautotrophs) [15, 70] , Leptospirillum (acidophilic iron-oxidizing aerobic chemolithoautotrophs) [25] , and Thermodesulfovibrio (thermophilic, sulfate-reducing anaerobes) Fig. 2 Paraffin section of a single sprout-like community stained with hematoxylin-eosine, showing an even distribution of bacteria near the core surface (asterisk), a translucent extracellular matrix (m) in the core center, arrays of bacterial cells towards the core center (white arrowheads), a crust at the surface of the structure (between black arrowheads) and filamentous bacteria on the surface of the community (arrows) (bar=20 μm) [23, 24, 57, 63] . Nitrospirae-related sequences were previously reported from microbial communities inhabiting caves Tito Bustillo in Spain [54] , Pajsarjeva jama in Slovenia [49] , Altamira in Spain and Sloupsko-Šošůvské caves in Czech Republic [51] , from Movile cave in Romania [4] , lava caves in Portugal and Hawaii [46] and Nullarbor caves in Australia [26] . However, these phylotypes are not closely related to the sequences reported here. In phylogenetic trees (Fig. 7a) , our sequences formed a deeply branching clade, related most closely to environmental sequences recovered from a dolomite karstic aquifer in the Northern Calcareous Alps (Austria) (AY734239, 95 % sequence identity, [17] ). The similarities of our sequences to 16S rRNA sequences other than AY734239 in GenBank were ≤90 %. Thus, the sequences recovered in this study represent a novel lineage within the Nitrospirae for which we propose the name "Candidatus Troglogloea absoloni."
Relatives of three proteobacterial classes were identified in the clone libraries. A vast majority of these phylotypes (58 % of the obtained sequences) was affiliated with the betaproteobacterial order Burkholderiales. Within this group, we observed 13 OTUs belonging to the families Oxalobacteraceae and Comamonadaceae that were affiliated to validly described species of these families and environmental phylotypes found in very diverse aquatic and soil environments including subterranean habitats such as calcium carbonate (moonmilk) muds (Fig. 7b , sequence prefix "Floos").
Other Groups
Besides the two major groups described above, we also recovered phylotypes affiliated with proteobacterial classes Gammaproteobacteria and Alphaproteobacteria and phyla a Structure of a single "sprout" at its base, with a homogenous bacterial community embedded in a translucent extracellular matrix (m), which is covered by a denser crust (between black arrowheads) with edged, most probably mineral, inclusions at its surface (arrow). b Ultrastructure of a rod-shaped bacterium from the base of a "sprout". Gram-negative appearance of the cell envelope, with small protuberances on the surface (black arrowheads) and the periplasmic space (white arrowheads). The periplasmic space occasionally expands inwards, forming distinctive electron-lucent invaginations (arrow) into the cytoplasm. Transparent vacuoles in cytoplasm are labeled by asterisk. c Structure of a "sprout" community at its tip, with dividing rodshaped bacteria (arrow) in the core and absence of the crust at the surface (black arrowheads). d Ultrastructure of a rod-shaped bacterium from the tip of the "sprout" community. Beside invaginations of the periplasmic space and protuberances on the cell surface (arrowheads), distinct electron-dense spherical inclusions were commonly observed in the cytoplasm near the cell pole (white arrowhead) Bacteroidetes, Actinobacteria and Planctomyces. The phylogenetic positioning of representative OTUs is shown in Supplementary Fig. 1 .
Fluorescence in Situ Hybridization
FISH with the EUB338 probe mix performed on cross sections of sprout-like structures resulted in strong fluorescence signals throughout the section (Fig. 8a, d) , confirming that the microbial community consisted of bacteria. In contrast, no fluorescence was observed after FISH with probe ARCH915, indicating absence of archaeal cells in the sample (data not shown). This result is consistent with the negative outcome of PCR with Archaea-specific primers. As no fluorescence was observed after hybridization with probe NON338, which served as negative control, unspecific binding of the oligonucleotide probes or fluorescent dyes to the sprout-like structures can be excluded (data not shown).
In further FISH experiments, sprout-like structures were hybridized to probes that target the two largest phylogenetic groups detected by sequence analysis, covering together 84 % of the analyzed 16S rRNA gene sequences. A new oligonucleotide probe named S-S-Tab-0206-a-A-22 was designed to specifically target the 16S rRNA of "Ca. Troglogloea absoloni." In silico checks showed that the new Intertwined threads at the tip of the sprout-like structure. e Tip of a sprout-like structure with exposed rod-shaped bacteria in the core (arrowhead) and filamentous bacteria attached to the surface (arrows). f Exposed rodshaped bacteria in the core with distinct protuberances (arrowheads), attached filamentous bacteria (arrows), and edged mineral particles (asterisks) on the surface of the "sprout" tip. g Rodshaped (arrowheads) and filamentous (arrows) bacteria on the core surface (asterisk) at the tip of a sprout-like structure probe has at least two base mismatches to all non-target 16S rRNA gene sequences deposited in public databases. The non-target sequences with fewest mismatches belonged to uncultured representatives of the Deltaproteobacteria, Acidobacteria, Verrucomicrobia, and some halophilic members of the genus Bacillus, whereas the most similar non-target sequence from the phylum Nitrospirae has as many as eight mismatches to the probe (Supplementary Table 1) . A previously developed probe specific for the phylum Nitrospirae, S-*-Ntspa-0712-a-A-21 [11] , has four mismatches to Ca. Troglogloea absoloni, and therefore we did not apply this probe in our FISH experiments. Most interestingly, probe S-S-Tab-0206-a-A-22 hybridized to all observable cells in the core of the structure (Fig. 8b) , confirming that the "sprout" consisted mainly of Ca. Troglogloea absoloni. However, the absence of any fluorescence signal of this probe on the surface (Fig. 8c) indicated that other bacteria dominated in this region of the structure. Here, most cells hybridized to probe Bet42a specific for Betaproteobacteria (Fig. 8e) . In contrast, no Betaproteobacteria were detected by FISH in the core of the sprout-like structure (Fig. 8e, f) .
Discussion
At the time of sampling, the sprout-like bacterial communities covered the streambed of Absolonov kanal of the Vjetrenica Cave in a distinctive meadow-like formation, which had already been observed previously [48, 59, 62] . Although the environmental conditions are relatively constant throughout this narrow part of the cave, the sprout-like formations were restricted to a remote part of the channel, where the water current remained constantly rapid despite an unusually low water level in the cave at the time of sampling. Thus, the sprout-like bacterial communities likely depend on a constant flow of aerated water. Their strong adherence to the stony streambed surface and their flexibility most likely enable the bacterial associations to withstand strong water currents in the channel during the rainy season, when the water levels in the channel and the lower parts of the Vjetrenica Cave rise considerably [38] .
Despite considerable seasonal variations of water levels and currents in Absolonov kanal, the oxygen level at the sampling corresponded to values measured previously in Vjetrenica Cave [59] and appears constant. Slight deviations in the temperature between Absolonov kanal and other parts of the cave were occasionally observed during previous visits to the cave (Sket, manuscript, 1975) . Except slightly elevated concentrations of phosphate, the amounts of other measured ions in the water at the sampling site were well below values commonly observed in pristine underground waters [68] . In contrast to cave systems in Italy and Southern Romania, where sulfide and other sulfur compounds in waters sustain macroscopic microbial formations based on chemoautotrophic metabolism [39, 53] , no sulfide or other forms of sulfur have been observed in Vjetrenica in amounts high enough to support chemotrophic life.
Our microscopic observations confirmed previous reports on the bacterial origin of the sprout-like structures from Vjetrenica Cave [62] . In contrast to other morphologically more complex macroscopic bacterial formations in caves [39, 40, 53, 65] , the core of the sprout-like structures is an aggregate of a single organism, Ca. Troglogloea absoloni (Fig. 8b, c) . The firm extracellular gelatinous matrix, which surrounds these bacteria, provides the sprout-like morphology, color, and mechanical properties of the aggregate. This abundant extracellular matrix led Smolikova [62] to relate the sprout-like formations from Vjetrenica Cave to the aggregate-forming bacterium Zoogloea ramigera [7] . However, this similarity is only superficial. Z. ramigera thrives in sewage and polluted water, where it contributes to flocculation [7, 18, 19] , and the fibrillar structures or polymer strands described for the extracellular matrix of Z. ramigera [18] were not observed in the cave aggregates. The original report on the sprout-like structures [62] further includes a description of staining experiments, isolation procedures, the cell morphology, and growth on various media of bacterial isolates from the cave aggregates. Our ultrastructural analysis confirmed the previously suggested [62] Gramnegative structure of the cell envelope of the rod-shaped bacteria. Moreover, throughout the aggregates, we observed distinctive surface protuberances and expansions of the periplasmic space into the cytoplasm of the rods. No such structures were observed in Z. ramigera [18] . Finally, as a member of the phylum Nitrospirae, Ca. Troglogloea absoloni is not closely related to the betaproteobacterium Z.
ramigera. An enlarged periplasmic space is typical for nitrite oxidizers from the genus Nitrospira that is closely related to Ca. Troglogloea absoloni [15, 34, 70] . However, invaginations of the periplasm into the cytoplasm, like in Ca. Troglogloea absoloni, have not been observed yet in known Nitrospira species. Instead, the periplasmic space of Nitrospira cells can "balloon out" in restricted areas [70] . We postulate that the electron-dense spherical inclusions, which were mainly found in Ca. Troglogloea absoloni cells in the tip of the sprout-like aggregates, and the translucent vesicles observed mainly in cells in the basal region, were deposits of storage compounds. The ultrastructural The intracellular accumulation of carbon or energy sources most likely is an adaptation to long-term survival under cyclical periods of pronounced nutrient limitation related to seasonal precipitation regime, which is typical for cave environments [58] . Although the size and appearance of the translucent cytoplasmic vesicles resembled polyhydroxybutyrategranules [30] , our attempts to detect polyhydroxybutyrateor other storage compounds by specific staining methods [3, 47] in histological sections were hampered by the firm extracellular matrix surrounding the Ca. Troglogloea absoloni cells (data not shown).
The presence of dividing cells at the tip of the sprout-like aggregates suggests that the structures grow and elongate mainly at the proximal end. This is further indicated by the observed gradual thinning of a crust-like biofilm, which covers the surface of the aggregates, towards the tip. Most likely, the thick crust on the older parts of the aggregates and their base was formed by the deposition of mineral particles and the growth of a complex bacterial community over longer periods of time. As the crust covering the younger proximal parts of the sprout-like aggregates is considerably thinner, or absent at the aggregate tip, the Ca. Troglogloea absoloni cells in these regions are directly exposed to the surrounding water. A generally higher density of bacterial cells near the aggregate surface may indicate that differences in metabolic activity and growth exist also in the transversal direction.
The analysis of 16S rRNA libraries showed that the sprout-like communities consisted of closely related Ca. Troglogloea absoloni phylotypes, representing a novel lineage within phylum Nitrospirae, and diverse phylotypes affiliated with the Betaproteobacteria. Both dominant groups are abundant in karstic environments [16, 52] For example, Nitrospirae-related phylotypes represented an abundant group present under almost all hydrological regimes throughout an uncontaminated alpine karst water basin ] 17, 52] and were reported from rock surfaces of caves in Australia, Spain, and in Slovenia [26, 49, 55] . Despite the phylogenetic affiliation of Ca. Troglogloea absoloni to the genus Nitrospira, which consists of chemolithoautotrophic nitrite-oxidizing bacteria [11, 70] , the deep branching of the Ca. Troglogloea absoloni lineage within the phylum Nitrospirae does not allow conclusions about its metabolic properties. This phylum comprises an impressive diversity of metabolisms and lifestyles. Aside from the aerobic nitrite oxidizers (genus Nitrospira), it contains obligate acidophilic iron oxidizers (genus Leptospirillum) [42] , magnetotactic and probably sulfur-oxidizing bacteria (Ca. Magnetobacterium) [32] , and strictly anaerobic thermophilicsulfate reducers that grow on a small selection of organic compounds or H 2 (genus Thermodesulfovibrio) [24] . Ca. Troglogloea absoloni may represent another, not yet characterized functional group in this deep line of descent. However, a function of Ca. Troglogloea absoloni as nitrite oxidizer appears unlikely. As the amounts of nitrogen compounds in the Vjetrenica water system are well below the concentrations sustaining nitrite-driven chemolithoautotrophic bacterial communities in other cave ecosystems [26] , significant nitrite oxidizer activities in Vjetrenica and other Dinaric karst caves would only be possible in connection with a very high affinity for nitrite and very slow growth. Therefore, and considering the general dependence of karst cave ecosystems on input of allochthonous organic matter [8] , it is tempting to speculate that the sprout-like structures represent heterotrophic communities. On the other hand, more detailed water chemical analyses might reveal possible electron donors for a lithotrophic metabolism that were not identified in our study. The second dominant group Fig. 7 ML phylogenetic tree showing the positions of phylotypes recovered from sprout-like microbial community clone libraries and belonging to a Nitrospira and b proteobacterial class Betaproteobacteria. Names in italics correspond to cultivated species, while the rest correspond to 16S rRNA gene clones. Names in bold correspond to the clones obtained in this study. The bullets indicate that the ML and MP bootstrap values and Bayesian posterior probabilities were ≥75 % detected, Betaproteobacteria, are also well represented in freshwater systems [20] . Ammonia and nitrite oxidizers often co-aggregate within biofilms. However, none of the detected Betaproteobacteria was closely related to the betaproteobacterial ammonia oxidizers, Nitrosomonas and Nitrosospira. The absence of known ammonia oxidizers in the sprout-like structures further indicates that Ca. Troglogloea absoloni is probably not a nitrite-oxidizing bacterium, or at least it is not involved in nitrification in the studied cave stream.
The phylotypes recovered in our study were affiliated with Oxalobacteraceae and Comamonadaceae. These two families appear to be particularly favored by the growth conditions in subsurface waters, as they are readily found in pristine pool waters and karst water rivulets [16 and the references therein]. Accordingly, the phylotypes found here are affiliated with cultivated species and/or environmental phylotypes recovered from calcium carbonate (moonmilk) muds, karstic aquifer, dolomite rocks, and surface freshwater systems.
With several endemic animal species, the Vjetrenica cave hosts one of the richest cave fauna in Dinaric Karst and beyond [9, 59, 60] . Although formations of Ca. Troglogloea absoloni represent significant biomass in otherwise nutrientdepleted cave environment, animals feeding on the sproutlike structures were not observed. Thus, a possible ecological role of Ca. Troglogloea absoloni for the cave fauna remains unknown. The surprising discovery of this novel Nitrospirae lineage in the sprout-like formations demonstrates our limited knowledge of the microbial biodiversity in subterranean habitats. Further research, possibly making use of metagenomic approaches and single-cell, cultivationindependent physiological methods [e.g., 27, 35, 36] , will be required to get better insight into the functions of Ca. Troglogloea absoloni in cave environments.
Description of "Candidatus Troglogloea absoloni"
In the original description of the sprout-like aggregates, Smolikova [62] did not make any explicit taxonomical decision and designated the aggregates as "zooglea Absolon" based on structural similarities to the genus Zoogloea. Therefore, and following the naming recommendations of Murray and Stackebrandt [44] , we propose that the bacteria forming the sprout-like aggregates should be designated "Candidatus Troglogloea absoloni" [Tro.glo.gloe'.a. Gr. fem. n. troglo -a hole or cave, prefix in biology used to denominate the cave dwellers; Gr. fem. n. gloea -glue; Troglogloea -cave dwelling gelatinous formation; ab.so.-lo.ni. N.L. fem. adj. absoloni named after Karl Absolon, a researcher who devoted his research to caves and their fauna in the Dinaric Karst and provided the original description of the sprout-like formations [62] ].
The cells are Gram-negative and rod-shaped, measuring 1.4±0.25 μm in length and 0.5±0.1 μm in diameter. A distinctive ultrastructure of the cells includes protuberances on the cell surface and occasional expansions of the periplasmic space towards cytoplasm. Cells are embedded in an extracellular matrix, forming sprout-like aggregates, which are firmly attached to the rocky bottom of permanent and rapid cave streams. The aggregates can cover large surfaces of streambeds in distinctive meadow-like formations. On the basis of 16S rRNA gene sequence analysis "Ca. Troglogloea absoloni" forms a distinct lineage within the phylum Nitrospirae, Panels a to c show the same section hybridized to the EUB338 probe mix specific for Bacteria (a) or to probe S-S-Hra-0206-a-A-22 specific for Candidatus T. absoloni (b). A combination of both images (c) shows the location of bacteria, which were not labeled by probe S-SHra-0206-a-A-22, on the surface of biofilm (arrowheads). Panels d to e show the same section hybridized to the Eub338 probe mix (d) or to probe BET42a specific for Betaproteobacteria (e). A combination of both images (f) reveals the absence of Betaproteobacteria in the core and their location on the surface of the sprout-like structure consisting of two different phylotypes (GenBank accession numbers JQ867278 and JQ867279), and is detected by the specific oligonucleotide probe S-S-Tab-0206-a-A-22 (Table 1) complementary to a unique region of the 16S rRNA gene (5´-CCTTCGGGGCTGTCGCTTGTTG-3´) (Escherichia coli positioning 206-227).
